The present study reports the in-situ synthesis of hybrid powders containing vanadium borides (VB 2 , V 3 B 4 and V 2 B 3 ) and vanadium carbide (VC) using powder metallurgy methods. VB 2 -V 3 B 4 -V 2 B 3 /VC hybrid powders were synthesized from V 2 O 5 , B 2 O 3 and C powder blends via a carbothermal reduction route assisted by mechanical milling. Powder blends were mechanically milled up to 5 h in a high-energy ball mill. The milling process reduced the crystallite size, increased the uniformity of the particle distribution and hence increased the reactivity of the starting powders. As-blended and milled powders were annealed at different temperatures (1400, 1500 and 1600°C) for 12 h to investigate the probability of achieving vanadium boride and carbide phases simultaneously. Annealed powders were characterized using X-ray diffractometer (XRD), scanning electron microscope/energy dispersive spectrometer (SEM/EDS) and particle size analyzer. In case of using annealing temperature of 1400°C, VB 2 -V 3 B 4 -V 2 B 3 /VC hybrid powders were obtained with an amount of unreacted V 2 O 5 . Annealing temperatures of 1500 and 1600°C resulted in the formation of VB 2 , V 3 B 4 , V 2 B 3 and VC phases. Milling affected the weight percentages of the phases as well as the type of major boride phase.
Introduction
Borides of IVB and VB group metals are known as transition metal borides which have high melting point, high hardness, high wear resistance and good chemical stability. Transition metal borides are generally used in high temperature applications, and wear and corrosion resistance required applications due to their superior thermal and mechanical properties [1, 2] . Vanadium borides consist of six stable phases (V 3 B 2 , VB, V 5 B 6 , V 3 B 4 , V 2 B 3 and VB 2 , stability degree increases from left to right) according to the binary phase diagram of V and B [1] . Direct combination of boron with vanadium, mechanical milling, borothermic and carbothermic reductions, solid-state reaction between vanadium chloride and MgB 2 , NaBH 4 or LiBH 4 , selfpropagating high temperature synthesis and autoclave synthesis from VCl 4 , NaBH 4 and Mg are the some synthesis methods for vanadium borides [1, 3, 4] .
Not only transition metal borides but also transition metal carbides have superior properties such as high melting point, high hardness, high temperature strength, good electrical and thermal conductivities and high chemical and thermal stabilities [5] [6] [7] [8] [9] . Carbides of the transition metals have received considerable attention due to these properties, therefore they are widely used in many applications like cutting tools, high temperature materials, electronics, catalysts, etc. [5, 6, 9] . Among the transition metal carbides, vanadium carbides are potentials for automobile and aircraft engine materials because it blocked the grain growth and used as reinforcement together with their other excellent properties [10] . Vanadium carbides include four stable phases (VC, α-V 2 C, β-V 2 C and V 4 C 3 ) and two metastable phases (V 6 C 5 and V 8 C 7 ) [11] . Vanadium carbides have been synthesized using various methods such as chemical vapour deposition, mechanical alloying, gas reduction-carburization, temperature programmed reactions, etc. [8, 9] .
Addition of a second phase develops the mechanical properties such as fracture toughness and strength of a single phase ceramic materials [12] . Additionally, boride/carbide hybrid ceramics may exhibit improved mechanical properties than their individual characteristics. Along the all production methods of vanadium boride and carbide, mechanical milling assisted annealing process can be used for the production of boride/carbide hybrid powders [13] . Milling process provides the mechanical activation of the powders and subsequent annealing enables the activated particles to react at lower temperatures than that of thermodynamically required [14, 15] .
In this study, in-situ synthesis of vanadium boride/vanadium carbide hybrid powders was presented. The reaction between the raw materials of V 2 O 5 , B 2 O 3 and C enables to the simultaneous formation of boride and carbide phases by means of mechanical milling assisted carbothermal reduction. The effects of milling time and annealing temperature on the synthesized hybrid powders were investigated. Due to the fact that the preparation of vanadium boride/carbide powders is not a well-discussed topic and there is still an open area here, this study will contribute to the archival literature with its leading results.
Materials and method
Vanadium oxide (V 2 O 5 , Alfa Aesar™, 99.6 % purity, 300 µm average particle size), boron oxide (B 2 O 3 , ETI Mine, 98 % purity, 470 µm average particle size) and graphite (C, Alfa Aesar™, 99 % purity, 45 µm average particle size) powders were used as raw materials. Powder blends containing the stoichiometric amounts of raw materials were prepared based on the theoretical reduction reaction given in Eq.(1). The rationale for the utilization of Eq. (1) is to believe the yield of boride and carbide phases as solid reaction products together with CO gas. The reactant powders were mixed in a WAB™ T2C Turbula blender for 30 min to prepare as-blended powders. 
High-energy ball milling experiments were performed by using a Spex™ 8000 D Mixer/Mill (1200 rpm). Hardened steel vials (capacity: 50 ml) and hardened steel balls (diameter: 6 mm) were used with a 10:1 ball-topowder weight ratio (BPR). Two different milling times (1 and 5 h) were applied to powder blends. Milling vials were filled with powders under Ar (Linde™, 99.999 % purity) atmosphere in the Plaslabs™ glove box. Both as-blended and milled powders placed in alumina boats were annealed in a horizontal tube furnace (Protherm™) at 1400, 1500 and 1600°C for 12 h under flowing Ar gas with a heating and cooling rate of 10°C/min.
Crystalline phases of the as-blended, milled and annealed powders were identified using a Bruker™ D8 Advanced Series X-ray diffractometer (XRD) with CuK α (1.54060 Å) radiation, and 35 kV/40 mA operating conditions. International Centre for Diffraction Data (ICDD) powder diffraction database was utilized for crystalline phase determinations. Also, the crystallite sizes and lattice deformations of V 2 O 5 and C were determined using Bruker-AXS TOPAS V4.2 software in regard of XRD patterns. The amounts of the phases in the milled and/or annealed powders were calculated by the semi-quantitative Rietveld method. Fourier transform infrared (FTIR) spectrum of the powders were recorded by using a Perkin Elmer TM Spectrum 100 FTIR at wavenumber ranging between 1000 and 4000 cm -1 by using KBr pellet technique. Additionally, thermal analysis of the powders was examined by a TA TM Instruments Q600 differential scanning calorimeter (DSC) up to 1000°C with 10°C/min heating and cooling rates, under Ar atmosphere. Powder morphologies were characterized using a Quanta FEI TM FEG 250 scanning electron microscope (SEM). Elemental mapping analysis was conducted with EDS detector equipped to JEOL TM NeoScope JCM6000 Plus SEM. The average particle sizes of the powders were measured in distilled water using a Microtrac™ Nano-flex particle size analyzer (PSA) equipped with a Bandelin Sonopuls™ ultrasonic homogenizer.
Results and discussion
XRD patterns of the as-blended, 1 and 5 h of milled V 2 O 5 and C powders are given in Figure 1 . There is no evidence of the formation of new phases during milling up to 5 h ( Figure 1 ). Only V 2 O 5 (ICDD card number = 01-089-2483) and C (ICDD card number = 00-056-0159) phases are detected in the XRD analyses of the as-blended powders and those milled for 1 and 5 h. Although, B 2 O 3 was used as starting material, there was no peak belonging to B 2 O 3 due to its amorphous structure [13] . Presence of the B 2 O 3 is determined by FTIR analysis, and FTIR spectra of the both as-blended and 5 h of milled samples were given in Figure 2 . B-O deformation and stretching modes are seen clearly near 1200 and 1400 cm -1 , respectively [13, 16] . Additionally, physically or chemically adsorbed humidity on the surfaces of the powders leads to the formation of B-H (at about 2275 cm -1 ) and B-OH bonds (at about 3250 cm -1 ) [17] . Additionally, as seen from Figure 2 , intensities of the FTIR peaks decreased after milling which is in good agreement with the corresponding XRD pattern in Figure 1 . software based on the XRD patterns, and results are given in Table 1 . The average crystallite sizes and lattice strains were determined using the most intense three V 2 O 5 peaks. As seen in Table 1 , average crystallite size sharply reduces, and average lattice strain dramatically increases after milling for 1 h due to high deformation. After milling for 5 h, smallest crystallite size (15.45 nm) and highest lattice deformation (4.123 %) were achieved. Figure 4a illustrates the irregular shaped initial powders with different morphologies and particle sizes. The elemental V and B mappings (Figures 4b and 4c) show the distributions of the V 2 O 5 and B 2 O 3 phases. Since the initial size of the graphite particles is smaller than the other starting powders, small particles shown in Figure 4a can be C as compatible with the C regions in Figure 4d . Additionally, as seen in Figure 4e , O distributed homojeneously into the microstructure due to the presence of V 2 O 5 and B 2 O 3 .
SEM image and elemental mapping results of the 5 h of milled powders are illustared in Figures 5a-e. Dissimilar to the microstructure in Figure 4a , 5 h milled powders show an agglomerated morphology with reduced particle sizes ( Figure 5a ). As seen in Figures  5b-e, V, B , O and C distributed uniformly throughout the microstructure after 5 h of milling due to the effective mixing and grinding which result in a significant degree of particle size reduction. Figure 6 shows the DSC thermogram belonging to the 5 h of milled V 2 O 5 -B 2 O 3 -C powders. According to the curve, there is a large heat flow decrease between the temperatures of 500 and 1000°C. This decrease is related with the CO gas release as previously shown in Figure 3 . After heating above 1000°C, a shallow and broad exotherm peaking at about 1150°C emerged. Also there is a heat flow increase between 1300 and 1400°C. However the following step can not be detected by the utilized DSC instrument because its heating capacity is not capable over 1400°C. Both the exotherm and heat flow increase can be attributed to the formation of new phases by carbothermal reduction of V 2 O 5 and B 2 O 3 reactants. It should be also noted that the DSC heating of the milled powders is beneficial for determining the annealing temperature to initiate the chemical reaction. Thus, annealing at 1400°C and above is chosen to obtain V boride and carbide phases. and VC phases. It should be also noted that although V boride (V 2 B 3 , V 3 B 4 , VB 2 ) and carbide phases are obtained after annealing of the as-blended powders, VB 2 which is the most stable V boride phase is found at the lowest amount in the overall powder.
XRD patterns of the 5 h of milled powders and those annealed at 1400, 1500 and 1600°C are presented in Figures 8a-c (Figure 8c ). According to the Rietveld calculations, the amounts of the VB 2 , V 2 B 3 , V 3 B 4 and VC phases in the powders annealed at 1600°C are 56.5 wt.%, 24.2 wt.%, 10.2 wt.% and 9.1 wt.%, respectively. Due to the fact that the most stable phase of the V-B binary system is VB 2 , the amounts of the VB 2 and V 2 B 3 phases increase and the amount of V 3 B 4 phase decreases as the annealing temperature changed from 1500 to 1600°C. Moreover, it can be stated that 5 h of milling resulted in a compo- sition change of the hybrid powders. Milling increased the number of active and fresh surfaces in the powders, provided a homogeneous dispersion of the reactants and hence increased the probability of yielding the most stable V-B phase as the major compound.
Particle size distributions of the 5 h of milled powders and those annealed at various temperatures are given in Figures 8d-f . Particle size distribution of the powders milled for 5 h and annealed at 1400°C is not so homogeneous and show a large histogram between 100 and 1000 nm with two peaking points (Figure 8c ). Average particle size of this powder is measured as 553 nm. The most homogeneous particle size distribution with a mono modal histogram is seen for the powders annealed at 1500°C, exhibiting an average particle size value of 620 nm ( Figure 8d ). As expected, an increase in the annealing temperature (100°C) also increased the particle size of the powders. On the other hand, powders annealed at 1600°C have a bimodal particle size distribution with an average particle size of 803 nm (Figure 8f ). Annealing temperature of 1600°C resulted in higher particle size value due to grain growth by the effect of heat. Figure 9 presents the SEM image ( Figure 9a ) and EDS analyses (Figures 9b-e) of the powders milled for 5 h and annealed at 1500°C for 12 h. Microstructure of the powders exhibits submicron particles with equiaxed morphologies (Figure 9a) . Formation of the V boride and carbide phases after annealing changed the morphology of the milled powders, as compared to Figure 5a . Additionally, elemental mappings taken from the general SEM image in Figure 9b show that V, B and C elements dispersed throughout the microstructure (Figures 9c-e) , indicating the presence of V borides and VC. Figure 10a shows the SEM image of the powders milled for 5 h and annealed at 1600°C for 12 h. Irregular shaped particles with submicron sizes are clearly seen. After annealing, particle coalescence occurred which is obviously different from the microstructure of the milled powders (Figure 5a ). Similar morphological changes during annealing were previously observed during the microstructural analyses of the annealed Nb 2 O 5 -B 2 O 3 -C powders reported in the study of Balcı et al. [13] . Based on the SEM image given in Figure  10 (b), V, B and C elemental mappings were (Figures  10c-e) . V elemental maps clearly indicate the uniform distributions of the V through the microstructure. B and C mapping images show the distribution of the B and C located at the same regions (Figures 10d-e) . Therefore, these regions contain both vanadium boride and vanadium carbide phases in the sample volume.
Figures 11a-b are the respective FTIR spectra of the powders 5 h of milled and annealed at 1500°C and 1600°C. FTIR spectra can be a solid proof of the absence of oxide-related compounds (unreacted B 2 O 3 , H 3 BO 3 , etc.) in the annealed samples. However, any peak showing a significant transmittance was not detected for the both annealed powders [18] [19] [20] . This corresponded that the 5 h of milled and annealed samples are hybrid powders only containing VB 2 , V 2 B 3 , V 3 B 4 and VC phases without any impurity. Consequently, this study shows the in-situ synthesis of VB 2 /V 3 B 4 /V 2 B 3 /VC hybrid powders using powder metallurgy methods such as mechanical milling and annealing. The lack of an additional purification step to reach pure reaction products can be also evaluated as an advantage of this process. The difference of blending and milling carried out prior to the annealing was observed in terms of product stoichiometry. The synthesis of hybrid powders at various weight percentages of VB 2 , V 3 B 4 , V 2 B 3 and VC phases by using powder metallurgy methods and by controlling limited amount of process parameters can be an alternative way to prepare powder precursors for some potential application areas.
Conclusions
In this study, in-situ synthesis of hybrid powders containing vanadium borides (VB 2 , V 3 B 4 and V 2 B 3 ) and vanadium carbide (VC) was carried out via mechanical milling and annealing processes.
Based on the performed analyses, the following results can be summarized:
• Mechanical milling resulted in a homogeneous distribution of the reactants as well as particle size reduction and activation.
• Both as-blended and milled stoichiometric V 2 O 5 -B 2 O 3 -C powder blends yielded vanadium boride and carbide phases after annealing, dissimilar to the theoretical reduction reaction.
• The products annealed after blending and mechanical milling had different stoichiometry.
• Mechanical milling prior to annealing resulted in an increase in the amount of the most stable vanadium boride phase (VB 2 ).
• An increase in the annealing temperature increases the average particle sizes of the hybrid pow- ders and changes the weight percentages of the phases.
• Submicron scaled VB 2 /V 3 B 4 /V 2 B 3 /VC hybrid powders were obtained free of any impurity.
